It is well established that artificial night lighting can influence animal orientation, but there is less information about its effects on other behaviors. Previous work suggested that light pollution can affect both seasonal and daily patterns of behavior. The aim of our study was to investigate the effects of artificial night lighting and daytime traffic noise on the timing of dawn and dusk singing in 6 common songbirds. We recorded singing behavior in 11 nonurban plots: 2 plots with light, but no noise, 3 with light and noise pollution, 3 with noise, but no light, and 3 undisturbed forests. Our results show that artificial night lighting, but not noise, leads to an earlier start of dawn singing in 5 out of 6 species, ranging on average from 10 min for the song thrush to 20 min for the robin and the great tit. This effect was strongest at higher light intensities. We further show that dusk song is also affected: 3 species continued dusk singing for longer in lighted areas, but the effect was smaller than that observed for dawn song (from about 8 min for the blackbird to 14 min for the great tit). For all species, onset and cessation of singing changed relative to sunrise and sunset with the progress of the season. Rain delayed the onset of singing at dawn and advanced the cessation at dusk. We discuss the implications of our findings in the context of sexual selection.
Male birds of many species use song to defend a territory and attract females during the breeding season (Catchpole and Slater 2008) . The occurrence and intensity of singing vary both seasonally and diurnally. For most songbird species, daily singing peaks before sunrise (dawn chorus) and, less strongly, around sunset (dusk chorus). To date, most studies have focused on the dawn chorus (Kacelnik 1979; Kacelnik and Krebs 1982; Moller 1991; Hutchinson et al. 1993; Slagsvold et al. 1994; Staicer et al. 1996; Poesel et al. 2001; Hutchinson 2002; Amrhein et al. 2004; Amrhein and Erne 2006) .
Several hypotheses have been proposed to explain the evolution and adaptive value of dawn song. Low acoustic attenuation due to microclimatic conditions may allow better communication early (and late) in the day (Henwood and Fabrick 1979) . Low light intensities in combination with lower temperatures that impede invertebrate locomotion may reduce foraging success at dawn (or dusk) making other activities, such as singing, more profitable (Kacelnik 1979; Kacelnik and Krebs 1982; Hutchinson 2002) . Stochastic dynamic models also predict dawn singing: Male birds should get rid of the excess energy reserves that they accumulated to survive the night by singing when feeding has less benefit (Thomas 1999; Hutchinson 2002) . Singing can be used by unmated males to attract females (Poesel et al. 2001) and by mated males to announce territory ownership (Slagsvold et al. 1994; Staicer et al. 1996; Amrhein et al. 2004; Amrhein and Erne 2006; Foote et al. 2011) , to guard their mate (Moller 1991) , to stimulate her reproductive physiology and behavior when she is fertile (Mace 1987; Welling et al. 1995) , and to attract additional (extrapair) females (Moller 1991; Slagsvold et al. 1994; Kempenaers et al. 1997) . Some studies suggest that timing of dawn song is a reliable indicator of male quality because it is age related (Kempenaers et al. 1997; Poesel et al. 2006) or condition dependent (Cuthill and Macdonald 1990; Hutchinson et al. 1993; Thomas 1999 ; Barnett and Briskie 2007) . Early singing could thus be under direct, ongoing sexual selection (Murphy et al. 2008; Kempenaers et al. 2010 ).
Given the prominence of naturally occurring song peaks at dawn or dusk, potential disruptions due to anthropogenic influences may have profound consequences for individuals and populations. Several studies indicate that illumination by streetlights, that is, night light pollution, leads to earlier singing at dawn (Miller 2006; Kempenaers et al. 2010; Nordt and Klenke 2013) . One study also found that female blue tits Cyanistes caeruleus exposed to street lighting started laying eggs earlier in the season, whereas males in those territories had higher extrapair siring success, perhaps as a consequence of the male's earlier singing (Kempenaers et al. 2010) . Light pollution in urban environments is often accompanied by other factors that may also influence the timing of singing, such as warmer microclimate, higher food availability, and higher anthropogenic noise levels (Marzluff 2001; Ditchkoff et al. 2006 ). When exposed to anthropogenic noise pollution during the day, some songbird species sing earlier in the morning or during the night (Fuller et al. 2007; Arroyo-Solís et al. 2013; Nordt and Klenke 2013) .
Light pollution may affect the proximate mechanisms that influence singing behavior. Birds have heritable circadian rhythms (Helm and Visser 2010 ) that align themselves with light-dark cycles, whereby natural light acts as a synchronizer (Zeitgeber) (Gwinner and Brandstätter 2001) . Males probably start singing at dawn when stimulation by increasing light intensities has reached a threshold level. This threshold should vary among species depending on the sensitivity of their visual system McNeil et al. 2005; Berg et al. 2006 ), leading to species-specific timing of dawn song (Allard 1930; Leopold and Eynon 1961) . This "threshold"-hypothesis predicts that light pollution should have stronger effects on more light-sensitive (i.e., earlier singing) species. Indeed, previous work has shown that the effect of street lighting on the timing of dawn song was strongest in species that under natural conditions start singing early (e.g., the European robin Erithacus rubecula and the common blackbird Turdus merula) and absent in a species that naturally initiates singing late (the common chaffinch Fringilla coelebs) (Kempenaers et al. 2010) . Such an effect may be mirrored in the timing of singing at dusk, but this has not yet been investigated.
The primary aim of this study was to investigate the effects of artificial night lighting and daytime traffic noise on the daily timing of singing in 6 common songbird species. In contrast to previous work (Kempenaers et al. 2010) , which was limited to light effects on dawn song during the breeding season, we here inspect how the effects of artificial night lighting change from winter to breeding, both for dawn and dusk song. By selecting study plots in nonurban areas, we avoided other effects of urbanization on timing of singing, such as increased temperatures. Our study design thus enabled us to test separately and specifically effects of light and noise pollution. The secondary aim of the study was to examine the effect of weather conditions (rain, temperature, and cloud coverage) on the timing of dawn and dusk singing.
Methods

Study sites
We selected 12 sites in Southern Germany (Table 1) , ranging in size between 0.6 and 1.8 ha, with a minimal distance of 500 m between 2 sites (range: 0.5-28 km). Sites were divided into 4 categories: 1) Sites with artificial night lighting and daytime traffic noise (n = 3), 2) sites with artificial night lighting but without daytime traffic noise (n = 3, one had to be excluded from most analyses; Table 1 ), 3) sites without artificial night lighting but with daytime traffic noise (n = 3), and 4) sites without light and noise pollution (n = 3). We chose the study sites in such a way that they were 1) away from a city or town (i.e., nonurban areas) and 2) as similar as possible in parameters other than light or noise (e.g., adjacent to the same road or part of the same large forested area). Artificial night lighting was emitted by street lamps, and traffic noise was produced by vehicles driving on a busy road adjacent to the forest. By scanning the peaks of car noise visible on the sonograms, we measured the number of vehicles passing by on 7 work days spread through the recording period (15 and 24 February; 5, 15, and 26 March; and 5 and 13 April) . Traffic noise was already intense more than an hour before sunrise and peaked close to sunrise (60-90 min before sunrise: 56 ± 36 vehicles [mean ± standard deviation]; 30-60 min before sunrise: 75 ± 38 vehicles; 0-30 min before sunrise: 102 ± 48 vehicles). Traffic noise always overlapped with the natural timing of singing at dawn and at dusk for all species.
Data collection
All bird vocalizations were recorded with Song Meter SM2+®, (Wildlife Acoustics, Concord, MA; http://www.wildlifeacoustics. com/products/song-meter-sm2-birds), a preprogrammable, weatherproof bioacoustics monitoring recorder. To take into account intrasite variation, we used 2 recorders at each site (i.e., 24 in total), placed on the ground on average 100 m apart (range: 70-130 m). Recordings (stereo, sample rate 22 050 samples per second) began 1.5 h before local sunrise and stopped 1.5 h after local sunset (times based on the coordinates of each plot). The resulting sound files were stored as wav files onto Secure Digital High Capacity cards (Laxer®, Fremont, CA). A temperature sensor inside the box enclosing the song meter logged air temperature every 5 min. Data were collected from 6 January to 17 April 2012. On 27 March, recorders were removed in 4 sites, one of each category (Table 1) , because they were needed for another project.
In parallel, from 10 January to 17 May 2012, we collected data on bird behavior for 2 sites of each category (LN3, L2, N1, and C1 were not included; Table 1 ). Each day, 2 sites of different categories were sampled by the same observer for 1 h each. Observations started 1 and 2.5 h after sunrise. For each species, we noted the number of birds heard or seen, and we recorded morning cloud coverage as overcast (1) or not (0).
Data extraction
Data were extracted from sound files with Song Scope® 4.1.1 (Wildlife Acoustics, Concord, MA; http://www.wildlifeacoustics. com/products/song-scope-overview). We used a low-pass filter of 1 kHz, a high-pass filter of 10 kHz, and an integrated filter that reduces background noise.
For each recorder on each day, we noted the exact time of the first (at dawn) and last (at dusk) visible and audible song. Initially, we extracted data from 6 January onwards for the light-only sites and the control sites. Based on this, we found that most species started showing a regular dawn chorus in the second half of February. Therefore, we here present data from 15 February until 17 April.
In total, we analyzed 1625 recorder days (or 5008 h) of recording at dawn and 1052 days (3156 h) at dusk. We focused on the 6 most common species: the European robin, the common blackbird, the song thrush Turdus philomelos, the great tit Parus major, the blue tit, and the common chaffinch. We only selected songs that were easily distinguishable against the background noise and that were repeated more than 3 times during the next (at dawn) or previous (at dusk) 5 min (to avoid any isolated songs). We noted the presence of rain, which was easily recognizable on the sonogram as broad-frequency, low-amplitude, continuous sound. We excluded recordings when heavy rainfall made song detection unreliable. Moderate rainfall did not reduce the quality of data extraction.
Noise pollution did not interfere with the quality of data extraction for 2 reasons. First, traffic noise typically consisted of highamplitude sound at low frequencies (between 0 and 1 kHz ; Rheindt 2003) , showing only partial overlap with the frequency spectrum of the song of most of the species under study. Second, noise pollution was characterized on the sonograms by successive, short (ca. 2 s), discrete peaks produced by passing cars, so that most songs could be detected even if partly masked by the noise.
Statistical analysis
All statistical analyses were performed with the R 2.15.3 software (R Development Core Team 2011). For the main analyses, we used linear mixed-effect models (LMMs fit by REML), R-package nlme (Pinheiro et al. 2013) , with site coupled with recorder (siteRec) as a random effect. We ran analyses separately for each species and for dawn and dusk. The timing of singing at a particular site can depend on the local density of birds, either via social stimulation or via an increased likelihood of extracting an early song when more males sing. To control for this, we excluded data from those recorders where the focal species was singing during less than one fourth of the entire recording period (number of recorders excluded at dawn/dusk: Chaffinch: 1/5, blue tit: 2/2, song thrush: 2/1, robin: 0/1). Response variables were "start of dawn singing relative to sunrise" (= 0) and "end of dusk singing relative to sunset" (= 0). Note that in the text "twilight" refers to "civil twilight." Presence of artificial light ("light": yes/no) and traffic noise ("noise": yes/ no), "date" (intercept = 1 April), "rain" (yes/no), and "temperature at sunrise/sunset" (residual) were the fixed effects. We used the residuals of a linear regression of temperature against date because temperature and date were strongly correlated (dawn: r s = 0.40, a Light intensities were recorded 2 m above the ground with a 400 000 Light Lux Meter (ATP, Leicestershire, UK) at 0, 2, 5, and 10 m from all lampposts. Only 2 measurements are shown here because measurements taken at 2, 5, and 10 m are the most strongly correlated (2 vs. 5 m: r s = 0.90, P < 0.001; 2 vs. 10 m: r s = 0.88, P < 0.001; 5 vs. 10 m: r s = 0.98, P < 0.001; 0 vs. 2 m: r s = 0.76, P < 0.001; 0 vs. 5 m: r s = 0.56, P < 0.001; 0 vs. 10 m: r s = 0.42, P < 0.001). b Means and standard deviations based on data from 1 March to 26 March. At sunrise, temperatures did not differ between plots with light or noise pollution (LMMs with "light," "noise," "date," and "rain" as fixed effects; L3 was not included in the analysis). At sunset, temperatures were on average 1.2° ± 0.5° higher in lighted sites and 1.5° ± 0.5° lower in noisy sites (light: t = 2.5, P = 0.01; noise: t = -3.2, P = 0.004; same LMMs). c Recorders were removed after 27 March for use in another study. d We originally intended to have a balanced design with 3 sites per category. However, it turned out that the streetlights of L3 were turned off at night. This site is therefore not included in the analyses, except as a control for the "forest next to car park" habitat type. e LN1 and N1 are adjacent to the same road; LN2, N2, and C2 are part of the same forest, with LN2 and N2 adjacent to the same road.
P < 0.001; dusk: r s = 0.64, P < 0.001). In all models, we also tested the interaction between "rain" and "light." For lighted sites, we tested the effect of the quality of lighting on timing of singing at dawn and dusk (separately) using models that included either "mean light intensity" (site average of the measurements made at 5 m from the lampposts) or "type of lighting" (Sodium/Mercury) as fixed effects, in addition to "date" (intercept = 1 April), "rain" (yes/ no), and "temperature at sunrise/sunset" (residual). We corrected for temporal autocorrelation in all models by using the correlation structure corARMA (Box et al. 2013 ). We tested 1) whether daytime traffic noise and artificial night lighting affected the timing of singing by comparing models that included noise or light, with those that did not, and 2) whether the effect of noise or light changed over the recording period by comparing models that included the interaction with noise or light and date with those that did not. We compared models based on the Akaike Information Criterion (AIC) following Burnham and Anderson (2002) . The main text reports the most parsimonious models (see Supplementary Table S1 for details). We report R 2 to assess the predictive quality of the models, following Nakagawa and Schielzeth (2013) (Supplementary Table S1 ). The effect of traffic noise was additionally tested by comparing workdays and weekend days, given that the latter are characterized by lower morning and evening noise levels (Rheindt 2003 ; our data, details not shown). From 25 March onwards, the peak of traffic noise occurred 1 h earlier relative to sunrise because of the change to Daylight Saving Time. We tested whether this change had an influence on the timing of singing in the noisy sites by running LMMs comparing dusk and dawn song on the 3 days before the change (22-24 March) to the 3 days after the change (25-27 March).
Data on cloud coverage were only available for half of the recording period. We therefore used separate LMMs including "cloud coverage," "date" (which was moderately correlated to "cloud coverage": r s = 0.29, P < 0.001), and "light" as fixed effects. We excluded rainy days from the analysis because we wanted to test the effect of cloud coverage independently of rain. We ran analyses only for dawn song and separately for each species.
All reported correlations are Spearman Rank correlations. Comparisons between averages are based on paired t-tests. Statistical analyses are two-tailed, and P values lower than 0.05 are considered significant. Only significant interactions are reported. We report means and their standard errors.
results
Effects on the onset of dawn singing
The most informative models explaining variation in the start of the dawn chorus included "light" for all the species except the chaffinch and excluded "noise" as well as the interaction of either term with "date" for all the species (Supplementary Table S1 ). The lack of a noise effect was partly confirmed by the absence of an effect of day type (workday versus weekend; Supplementary Table S2) . However, blackbirds, great tits, and blue tits initiated singing earlier during the weekend than during weekdays. Excluding weekend days from the first models did not change the results. All days were therefore included in the analysis, and "noise" was removed from all final models.
All species except the chaffinch sang significantly earlier at dawn when exposed to artificial light at night, on average ranging from about 10 min (song thrush) to 21 min (great tit; Table 2 ; Figure 1 and Supplementary Figure S1 ). Note that effect sizes are underestimated for 4 species because they were frequently already singing at the beginning of the recording (1.5 h before sunrise). At the lighted sites, this amounted to 25.4% (99/389) of all recording days for the robin, 14.3% for the blackbird (60/419), 13.5% for the song thrush (23/170), and 8.7% for the great tit (41/471).
The artificial light effect was strongest for 3 out of the 5 lighted sites (L1, L2, and LN1). These sites are characterized by higher streetlamp densities and higher light intensities at all measured distances (Table 1) . Indeed, the effect on the onset of singing at dawn increased with light intensity for all the species (Figure 2) although it was only significant for the species that were most affected by artificial light. The higher the light intensity, the earlier the song start for the robin (−2.0 ± 0.5 min per lux, t = −3.8, P = 0.005), the blackbird (−1.4 ± 0.6 min per lux, t = −2.4, P = 0.04), and the great tit (−1.6 ± 0.6 min per lux, t = −2.9, P = 0.02) (LMMs with "mean light intensity," "date," "rain," and "temperature at sunrise" (residual) as fixed effects). There was no significant effect of light intensity on timing of dawn singing in the song thrush (t = −0.7, P = 0.5), the blue tit (t = −1.0, P = 0.3), and the chaffinch (t = −1.2, P = 0.3). The type of lighting had a significant effect only on chaffinches, which initiated their song 20 min earlier in sites with Mercury lights (−19.6 ± 5.6 min, t = −3.5, P = 0.01).
All species initiated singing at about the same time in the 3 days following the change to daylight saving time compared with the 3 days preceding the change (robin: t = 1.0, P = 0.3; blackbird: t = 0.1, P = 0.9; song thrush: t = −1.5, P = 0.1; great tit: t = 1.8, P = 0.1; blue tit: t = 2.4, P = 0.6; chaffinch: t = 0.1, P = 0.9; LMMs with "daylight saving time (0 = winter time, 1 = summer time)," "date," and "light" as fixed effects).
For all species, singing started significantly earlier relative to sunrise with the progress of the season (Table 2, Figure 1 ). Earliest singing overlapped with the period around the start of egg laying for each species.
All species started singing significantly later when it rained (Table 2; Figure 3 lower panel). For robins, delaying effects of rain were reduced at lighted sites (significant interaction of "rain" and "light"; Table 2 ). Residual temperature did not have a significant effect on the start of singing, except for the song thrush that started singing later when the day was warmer than expected at this time of the year (approximately 1 min/°C, Table 2 ). All species initiated singing later when the sky was overcast (Table 2) .
Effects on the cessation of dusk singing
The most informative models explaining variation in the cessation of the dusk chorus included "light" only for the blackbird and the great tit, excluded "noise" for all the species but the robin, and excluded the interaction of either term with "date" for all the species (Supplementary Table S1 ). Graphic visualization (see outliers in panel a; Figure 1 ) and subdivision of the data set between sites with light only and sites with noise only (Supplementary Table S1a, b) suggest that the observed noise effect in robins is in fact driven by some very late values from the sites with light pollution only. The lack of a noise effect was confirmed by the absence of an effect of day type for all the species, except for the blue tit that stopped singing about 8 min later during the weekend (Supplementary Table  S2 ). Excluding weekend days from the models did not change the results. All days were therefore included in the analysis, and "noise" was removed from all final models.
Most species continued singing longer in lighted territories (Table 3 ; Figure 1 and Supplementary Figure S2 ), but the effect was only significant for robins, blackbirds, and great tits (Table 3) . Unlike dawn values, cessation of singing always occurred within 1.5 h after sunset, except for robins, where birds were still singing after 1.5 h in 1.5% of cases (7/456 recording days, all in L1).
The higher the light intensity, the later the cessation of singing for robins (1.8 ± 0.6 min per lux, t = 2.9, P = 0.02) (LMMs with "mean light intensity," "date," "rain," and "temperature at sunset" (residual) as fixed effects). The same trend was detectable for blackbirds (0.4 ± 0.2 min per lux, t = 1.6, P = 0.15). For blue tits, the trend was in the opposite direction: The higher the light intensity, the earlier the cessation of singing (−1.4 ± 0.7, t = −2.1, P = 0.07). There was no effect for song thrushes (t = −0.2, P = 0.8), great tits (t = −0.7, P = 0.5), and chaffinches (t = 0.9, P = 0.4). The type of lighting had a significant effect only on blackbirds, which stopped singing 7 min later in sites with Mercury lights (6.6 ± 2.5 min, t = 2.7, P = 0.03). The trend was similar for robins (16.1 ± 8.2 min, t = 2.0, P = 0.08).
All species stopped singing at about the same time in the 3 days following the change to daylight saving time compared with the 3 days before (robin: t = −0.01, P = 1.0; blackbird: t = −0.5, P = 0.6; song thrush: t = 0.3, P = 0.8; great tit: t = 0.6, P = 0.5; blue tit: t = 1.6, P = 0.1; chaffinch: t = −0.1, P = 0.9).
For all species, except great and blue tits, singing continued significantly longer as the season progressed (Table 3, Figure 1 ). On a day-to-day basis, the timing of singing at dusk was less predictable than at dawn (Figure 1) . In nonlighted sites, where artificial light does not interfere with natural light cycles, the day-to-day variation in the timing of singing is higher for the dusk than for the dawn chorus for all species except the song thrush (Supplementary Table  S3 ).
All species finished dusk singing significantly earlier when it was raining (Table 3; Figure 3 upper panel), with the weakest effect in blue tits and the strongest in chaffinches. Residual temperature had a significant effect on all species except chaffinches (Table 3) : Birds stopped singing later on days that were warmer than expected for that time of year (range: 0.6-1.3 min/°C).
dIscussIon
We found that artificial night lighting was an important modifier of the daily timing of singing in 5 out of 6 songbird species (Figure 1 ), particularly at dawn. High levels of artificial light appear to have the greatest effect (Figure 2 ). In contrast, we found little evidence that daytime traffic noise affected the timing of singing at dawn or dusk. We also showed that the onset and cessation of singing became earlier, respectively later, as the season progressed. Our analyses suggest that weather also affects the daily timing of singing, but to a lesser extent: Rain delayed the onset at dawn and advanced cessation of singing at dusk (Figure 3) , while relatively high temperatures led to longer singing at dusk.
The natural daily and seasonal timing of dawn and dusk singing
In the natural environment (without light pollution), the timing and sequence in which different species start and stop singing was consistent and predictable. At dawn, robins, blackbirds, and song thrushes initiated singing at low light levels, often long before twilight (Figure 1, black dots) . At the onset of twilight, great and blue tits followed, whereas the first song of chaffinches occurred during twilight. At dusk, the early dawn singers were also the ones that stopped singing latest (Figure 1, black dots) . Robins, song thrushes, and blackbirds usually sang during evening twilight, whereas tits and chaffinches ceased singing just before sunset. Our results indicate that the timing of song cessation is more variable than the timing of song initiation, especially for those species that finish singing before sunset. This suggests that (natural) light conditions are less influential, and that other factors (such as temperature, see below) play a role in determining the cessation of singing in the evening.
As the season progressed all species started singing earlier relatively to sunrise and stopped singing later relatively to sunset. This implies a substantial extension in the time span of daily singing activity from winter to breeding, even when corrected for the seasonal increase in day length. Males may partly adjust their first song to an increasingly earlier start of twilight relative to sunrise (Figure 1) . However, the seasonal changes may also reflect an adaptive response because of the associated increase in the benefits of early singing in terms of territory defense, mate attraction, and mate guarding (Mace 1987; Møller 1991; Welling et al. 1995) .
Effects of artificial night lighting on dawn and dusk singing
Our results clearly show that artificial night lighting disrupts the patterns observed in the natural environment in several ways. First, at dawn all species, except chaffinches, started singing earlier in sites with artificial night light, independent of the season (Figure 1 , white dots). As shown earlier (Kempenaers et al. 2010) , the effect of light pollution was strongest for the naturally early singing bird species. Robins and blackbirds were frequently observed singing nocturnally, with the earliest song more than 1.5 h before sunrise. Under the influence of artificial night lighting, great and blue tits initiated singing before twilight. Great tits sang up to an hour earlier compared with their timing in natural conditions, thereby joining the chorus of the earliest singers (Figure 2) . Naturally earlier singers may be affected more strongly because they are more light sensitive than late singers McNeil et al. 2005 ) and may therefore be more susceptible to changing light intensities at low light levels. The "species-specific threshold" hypothesis suggests that early in the morning artificial light is brighter than natural light levels and exceeds the stimulus threshold for the (naturally) early singing species to start singing. Naturally late singers such as chaffinches may have a much higher threshold before they start singing, one that is only reached when natural light is already stronger than the artificial night lighting.
Figure 1
Daily start of dawn singing relative to sunrise (panels d-f and j-l) and end of dusk singing relative to sunset (panels a-c and g-i) from 15 February until 17 April for 6 songbird species. Open circles represent averages for sites with light pollution, filled dots are averages for sites without light pollution. The dashed lines represent the time of sunrise or sunset; the boundaries marked by darkening shades of gray represent the start of nautical twilight, astronomical twilight, and night. Top row: naturally early singing species; bottom row: naturally later singing species. Second, we found an effect of artificial night light on the cessation of singing at dusk (Figure 1 , white dots), but this effect was weaker. As with the start of dawn singing, the effect was present in most species that naturally sing later, that is, stop singing at lower light levels, and can be explained by the same hypothesis. Blackbirds and robins-but not song thrushes-continued dusk singing for about 10 min longer in territories with artificial night light. For species such as chaffinches and blue and great tits, that naturally stop singing before sunset, that is, at relatively high levels of natural light, the hypothesis predicts no effect as long as the intensity of the artificial night light is lower than this threshold. Moreover, streetlights may be switched on only after these species have already stopped singing. We indeed found no effect in chaffinches and blue tits, but great tits finished singing significantly later in lighted sites.
Melatonin enables birds to synchronize the circadian clock to the light-dark cycle (Gwinner and Brandstätter 2001; Cassone 2014) . The suppression of melatonin synthesis by artificial light at night may alter the birds' physiological detection of day length (Dominoni, Goymann, et al. 2013) , such that they perceive the day as longer compared with birds exposed to natural conditions. This might ultimately lead to different activity patterns between birds in lighted and dark territories ). An alternative hypothesis is that artificial night lighting indirectly affects the timing of dawn and dusk singing by disrupting the timing of food intake (Fonken et al. 2010; Byrkjedal et al. 2012) , leading to fatter birds in lighted territories. Higher energy reserves could enable a male songbird to prolong its singing at dusk (Cuthill and Macdonald 1990; Thomas 1999) . Compared with the dawn chorus, the light-induced shift of singing at dusk is much smaller probably because all species sing closer to sunset than to sunrise, that is, at higher levels of natural light. Dusk singing may also have a less important reproductive function than singing at dawn (Mace 1987; Welling et al. 1995) . Further, the pressure to roost early and conserve energy to survive the night may be high.
Our study suggests that the effect of the artificial night lighting is directly related to the strength of the light source. The dawn and-to a lesser extent-dusk song were more strongly affected when light intensities were higher (Figure 2) . Stronger lights may increase artificial light glow (i.e., the scatter of the light, emulating Figure 2 Average start of dawn singing relative to sunrise (mean ± SE) in relation to the mean light intensity measured at each site with artificial night lighting. Data are based on measurements made at 5 m from the lamp posts and averaged for each site (see Table 1 ; the effect is similar for intensities measured at other distances). A regression line is fitted for each study species for illustrative purposes.
sky brightness), which may be an important factor explaining alterations in natural rhythms (Davies et al. 2013 ). We also found that for some species Mercury lighting had a stronger effect on dawn and dusk song than Sodium lighting. This result should not be overinterpreted because most plots with Mercury lights were also the most strongly illuminated. More research is needed to determine the relationship between the quality of artificial light (i.e., intensity, type of lighting) and its impact on natural systems.
Effects of traffic noise on the timing of dawn and dusk singing
Although traffic noise overlapped with the natural timing of singing of all species throughout the entire recording period, we found little evidence that timing of singing was affected. Onset and cessation of singing in the noisy plots were similar to those in the control sites. The only tentative evidence of a noise effect was that onset of singing started earlier for 3 species (and cessation stopped later for 1 species) during the weekend (i.e., when noise is lower). However, this is opposite to the expected effect if birds attempt to avoid the noisy times. High noise levels during the week may reduce the efficiency of communication, and males may compensate by singing more and somewhat earlier during the weekends. We cannot exclude that early or late disturbance by humans (e.g., pedestrians, joggers) might have woken up the birds earlier during the weekend or drove the blue tits to be active later at dusk.
The absence of a clear noise effect seems to contradict previous studies that documented effects of noise pollution on the timing of singing. In robins, daytime traffic noise in cities was a better predictor of nocturnal singing than artificial night lighting (Fuller et al. 2007 ) although birds were never recorded singing in dark and noisy habitats. A study on blackbirds concluded that anthropogenic noise in a city park and center drives early singing, but this was under high intensities of artificial light (Nordt and Klenke 2013) . Lastly, it has been demonstrated experimentally that noise advances the first song of 2 out of 6 studied species (spotless starling Sturnus unicolor and house sparrow Passer domesticus; Arroyo-Solís et al. 2013) . Interestingly, the effect of noise on song initiation could be facilitated by artificial night lighting. Light pollution may open a new temporal niche (i.e., the lighted night) that enables songbirds to actively shunt daytime noise or to sing if awoken by noise. This would explain why, although being exposed to noise during their chorus, songbirds do not adjust their timing when there is no light. The absence of a noise effect in our study may also be due to the different type of noise (road traffic vs. city noise; the latter may be amplified through reflection on buildings) or by the lack of opportunities to move away from the noise in cities. In response to high noise levels, other changes in song characteristics have been reported such as increased vocal activity (Diaz et al. 2011) , increased amplitude (Brumm 2004) , and changes in song frequency (Dowling et al. 2011; Nemeth and Brumm 2009 ), but analyzing such effects is beyond the scope of this study.
Environmental determinants of the timing of dawn and dusk singing
Our results indicate that weather conditions can also significantly influence the onset and cessation of diurnal singing. As reported previously (Keast 1994; Hasan 2010; Nordt and Klenke 2013) , rain delayed onset of singing (Figure 3, lower panel) , and we also show that it made birds stop singing earlier in the evening (Figure 3, upper panel) . Rain could act directly through increased noise, reducing the ability to communicate effectively, or through increased costs of singing (e.g., thermoregulation costs), or indirectly as a consequence of lower light levels (cloud coverage). The latter does seem to play a role because on nonrainy days we found that birds initiated dawn song later when the morning was overcast. Light scattering by cloud coverage can increase the effect of light pollution (Kyba et al. 2011) , potentially reducing effects of rain at lighted sites, as suggested for robins at dawn (Table 2 ). In all studied species higher-than-average temperatures prolonged song at dusk. At dawn, only song thrushes were affected and in the opposite direction than expected (higher temperatures delayed song start).
Overall, it seems that weather conditions have a stronger influence on the cessation of dusk singing than on the start of dawn singing. This is in line with the higher variability in timing of song at dusk than at dawn for most species (Supplementary Table S3 ). Our findings are consistent with Hutchinson (2002) whose model predicts that start of dawn chorus should be mostly affected by variation in light intensity through cloud coverage while variation in temperature should affect other aspects of the dawn chorus (e.g., intensity and duration). The timing of dawn song thus appears to be more strongly linked to light conditions, making it especially vulnerable to light pollution, whereas at dusk anthropogenic temperature changes may have a stronger impact.
Confounding factors
Although this is the first study to explicitly separate effects of light, noise, and other effects of urbanization on the timing of bird song, the chosen sites may still differ in several aspects that could influence the results, such as temperature, food availability and bird density.
At sunrise, temperatures did not differ between the sites (Table 1) ; but at sunset, lighted sites were on average 1.2° ± 0.5° warmer than nonlighted sites, whereas noisy sites were about 1.5° ± 0.5° colder than nonnoisy sites. If this is important, at dusk males should continue singing longer in lighted sites and stop singing earlier in noisy sites. This was not generally true.
Study sites probably varied in food availability, with forests next to car parks being poorer habitats (e.g., lower vegetation density), which could affect both parents and offspring. One would expect birds in these habitats to start singing later at dawn and stop singing earlier at dusk because they have lower energy reserves (Cuthill and Macdonald 1990; Thomas 1999; Barnett and Briskie 2007 ), but we found the opposite effect in the lighted car park sites. Moreover, in a car park site that was not artificially lit (L3; Table 1), the onset of dawn singing was similar to that observed in higher quality habitats (forest plots; Supplementary Figure S3) .
Lastly, bird densities may have differed between study sites. We partially controlled for this by including only recordings with at least 25% presence of the focal species at the corresponding site over the recording period. Observations conducted at dawn over the entire recording period indicate that sites had similar species composition and numbers (details not shown). In general, the number of individuals of a given species observed singing did not differ between lighted and nonlighted sites (t = −0.5, P = 0.6) and between noisy and nonnoisy sites (t = −0.8, P = 0.4; linear models with "light" and "noise" as fixed effects).
Consequences of light pollution
Artificial light at night has dramatically spread across the world over the last decades, and it has become a major environmental concern (Rich and Longcore 2005; Chepesiuk 2009) . Here, we demonstrate that artificial night lighting masks natural light cues, causing several songbird species to sing earlier at dawn and in some cases later at dusk. Whether this has fitness consequences for the individuals involved remains to be investigated. Although increased singing activity probably raises energy expenditure to some degree (Thomas 2002) , song production and modulation per se are apparently quite cheap (Zollinger et al. 2011) . Increased mating success via extrapair paternity for males exposed to light pollution has been documented, possibly causally linked to earlier dawn singing (Kempenaers et al. 2010 ). Further work is required to investigate the short-and long-term costs or benefits for reproductive success and survival.
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Supplementary material can be found at http://www.beheco. oxfordjournals.org/. Estimates are for lighted plots compared with nonlighted plots. Note that for comparative purposes estimates are shown for all the species, even when "light" was not retained in the final models: this does not change the estimates for the other variables. Note that "light" has been kept in the final model for the robin although the final model with "noise" was more informative. We suggest that "noise" but not "light" was selected in the final model only because of the extreme values found in the sites with light pollution only (see Supplementary Table S1 for more details). e Estimates are for evenings with rain compared with those without.
